This paper describes an investigation of the behaviour of suction surface boundary layers in a modem multistage Low Pressure turbine. An array of eighteen surface-mounted hot-film anemometers was mounted on a stator blade of the third stage of a 4-stage machine. Data were obtained at Reynolds numbers between 0.9 x 10 5 and 1.8 x 105 .
INTRODUCTION
The emerging generation of civil transport aircraft require fewer engines, each with a larger thrust. New families of turbofan engines have been designed to meet these requirements. They feature fans of a larger diameter which demand more power from the Low Pressure (LP) turbine at a lower rotational speed. The resulting increase in the duty of the LP turbine must be accompanied by reductions in weight, cost of manufacture, overall size and specific fuel consumption. Since present day LP turbines already operate with aerodynamic efficiencies above 90 percent, the quest for further increases in efficiency and performance has become progressively more difficult This paper describes an investigation of a 4-stage LP turbine that will enter service in the Rolls-Royce Trent 700 turbofan engine.
The aspect ratios in the new generation of LP turbines are such that an accurate prediction of the development of the blade-surface boundary layer is vital if performance targets are to be met. When the boundary layers are either laminar or turbulent, the prediction process is relatively straightforward. Unfortunately, the prediction of transitional boundary layers is much more difficult. This is particularly important in the context of LP turbines because the location and nature of the transition zone affects the existence, the location and the nature of laminar separation. The research described here was conducted to verify the design of the present LP turbine and to enable the further development of techniques which are capable of predicting boundary layer transition in the complex environment of turbomachines.
One of the issues confronting the designer of LP turbines is the relative impact of unsteady flow on the transition process. In the present context, there are two possible sources of unsteadiness. The potential influence of a blade extends both upstream and downstream and decays exponentially with a length scale typically of the order of the chord or pitch. In contrast, the wakes are convected downstream from the blade row and their rate of decay is much less than that of the potential influence. Consequently, the disturbances associated with the wakes are usually more significant at entry to the next blade-row. It is an objective of the current work to quantify the significance of the effects of wake-generated unsteadiness on the development of the blade surface boundary layers.
When wakes from upstream blade rows impinge on a laminar boundary layer, transition occurs nearer to the leading edge than would otherwise be the case. As turbulent boundary layers usually produce more loss than laminar ones, the profile loss is usually increased. The level of increase depends on how far transition is moved upstream and how often the wakes arrive. At low Reynolds numbers, it is possible that the wakes may reduce the profile loss to below the steady level, just as promoting transition can reduce the drag on bodies where laminar separation is not followed by reattachment. This effect is of particular interest in the present study since laminar flow is more likely to exist in LP turbines. In recent years, the problem of wake-boundary layer interactions has received much attention. The investigations carried out by Hourmouziadis et al (1986 ), Binder et al (1988 and Schroder (1991) in cold-flow LP turbines are especially relevant to the present work. On the basis of data obtained using flow visualization, surfacemounted hot-film anemometers and blade surface pressure tappings, this work has shown that separation bubbles exist on the rear part of the suction surfaces of many of the blade rows and that the behaviour of these bubbles is affected by the presence of upstream wakes. In a complementary study, Arndt (1991) observed the strength of the wakes issuing from each rotor row in a 4-stage LP turbine and concluded that wake-induced rotor-rotor interactions may be as significant as rotor-stator and stator-rotor interactions.
INTER-STAGE STATICS:
INNER
WAKE INDUCED TRANSITION
In this section, only a brief introduction to the main features of wake induced transition is provided. Mayle (1991) and Hodson et al (1992) provide further details.
As the wakes are convected over the surface of the blade at the freestream velocity, the laminar boundary layer is simply disturbed by the wake. However, at some point (typically, , the boundary layer is sufficiently receptive to disturbances that the wakes cause the onset of transition. In both steady and unsteady cases, boundary layer transition is understood to occur through the formation of turbulent spots in an otherwise laminar flow. The spots have a delta-like shape when viewed normal to the surface. As a spot moves downstream, it spreads longitudinally and laterally. Eventually, the leading edges of some will catch up with the trailing edges of others, while others merge in the spanwise direction (see Narasimha (1985) ).
In wake induced transition, the spots are formed in the boundary layer underneath the wake. In cases where the wake turbulence is very high, the rate of spot formation may be so great that the spots merge almost immediately to form a spanwise turbulent strip. In these cases, the flow periodically changes between laminar and turbulent states (Doorly (1987) ). In other cases the formation rate is lower, individual spots may be seen in the wake-affected region (Hodson and Addison (1989) ) and the flow oscillates between laminar and intermittently turbulent states. In either case, the trailing edge of the transition strip propagates at the speed of the rear of the individual spots, i.e., a half of freestream velocity, while the leading edge propagates at approximately the free-stream velocity. For this reason the transitional/turbulent strips may eventually merge unless natural transition intervenes.
The relative significance of wake-induced and natural transition may be estimated using a distance-time diagram such as that of Fig. 1 . The hatched area represents the transitional/turbulent flow. Wakeinduced transition begins at a distance s t from the leading edge. Assuming that the wakes induce the formation of fully turbulent strips, the time-mean intermittency y at a distance s from the leading edge is equal to the ratio of the time it takes for the turbulent zones to pass over the location in question to the periodic time T. The time taken to pass over the location in question is governed by the distance (s -st) and by the propagation rates of the leading and trailing edges of the turbulent strip. If these are assumed to be equal to the freestream velocity and one half of the free-stream velocity U respectively then the maximum intermittency that can be reached prior to natural transition at st is given by the value of the reduced frequency parameter1, i.e., Si Y(st) = Ts 'Ute -U -1e) ds = = f slU st (1). St Hodson (1989) showed that this parameter could be used to correlate the effects of wake-induced transition on profile loss if the loss data were expressed in a suitable form. When 7 is less than unity, natural transition should occur between wake-passing events.
Using typical values of the importantarameters, it is possible to show that in LP turbines, the values off rarely exceed 0.3. Thus, wake-induced transition is unlikely to be complete before natural transition occurs. This is the situation depicted in fig. 1 . It is for this reason that investigations have revealed the presence of laminar separation bubbles in LP turbines. For the same reason, the work reported by Dong and Cumpsty (1989) and Addison and Dong (1989) on the effect of wakes on compressor blades revealed that separation bubbles exist in LP compressors. They also observed that the wakes had very little effect on the profile loss of the compressor blades. This was because the value off was small. This is an encouraging result. The present study was instigated, in part, to confirm the extent of the wake-affected regions of the boundary layer flow in LP turbines. The behaviour of the boundary layers is explained through a detailed examination of data obtained using surface-mounted hot-film anemometers.
TEST FACILITY AND INSTRUMENTATION Test Facility
A new facility has recently been commissioned at Rolls-Royce for the testing of the new generation of LP turbines. It is a cold-flow a Fig. 3 Instrumented stator segment facility which accommodates engine-size rigs. The facility uses a pressurized air supply in conjunction with an exhaust extraction system and a variable speed brake. The full range of operating conditions can be obtained. Fig. 2 illustrates the LP turbine.
The design of the LP turbine has been described in a previous publication (Scrivener et al. (1991) ). The new aerofoils were intended to control the development of the boundary layers on the suction and pressure surfaces and to provide an improved tolerance to changes in incidence. Three-dimensional design methods were used to determined the stacking of the aerofoils and the vortex distributions in order to limit the spanwise migration of the viscous flows.
Surface Mounted Hot-Film Anemometers
The present paper is specifically concerned with the development of the suction-side boundary layer on the stator of the 3rd stage of the LP turbine. It was investigated using a multi-sensor array of surface mounted constant temperature hot-film anemometers.
The array consisted of 18 individual sensors, each 1 x 0.1 mm in size, spaced at intervals of 3 mm in the direction of the flow. It was similar to those which are used in the Transonic Cascade Facility at the Whittle Laboratory (Hodson (1983) , Hodson (1985) ). The array covered the entire surface length of the blade. It was bonded directly to the original surface of a blade. Calculations had shown that the effect on the pressure distribution of increasing the blade thickness, by an amount equal to the thickness of the array and adhesive (72 µm), was minimal. The array was placed at approximately 60 percent of span. The line of the sensors was aligned with the predicted streamwise direction. Fig. 3 shows the instrumented blade. With a height-axial chord ratio of 7.5, the array is far from the regions of secondary flow.
The similarity between the velocity profile adjacent to the wall and the temperature profile of the thermal boundary layer, generated by the heated sensor, leads to a relationship between the rate of heat transfer to the fluid and the wall shear stress of the form (e.g., Bellhouse and Schultz (1968) 
where k is a constant, AT is the temperature difference between the air and the heated sensor, E is the instantaneous output voltage from the anemometer bridge and the constant A represents the heat lost to the substrate. The constants A and k in equation (2) may be determined by calibration. In the present investigation, this was not possible since the array was permanently fixed to the blade. However, un-calibrated hot-films can provide qualitative or semi-quantitative data about the state of the boundary layers. Semi-quantitative data can be obtained because the rate of heat lost to the substrate, which is proportional to A 2 (equation (2)), is approximately proportional to the square of the voltage Ep measured under zero-flow conditions (Hodson (1983) and Hodson (1985) ). In practice, the heat transfer under zero-flow conditions is a result of conduction to the substrate and natural convection and radiation to the air from the sensor and from the plated leads which from part of the electrical circuit on the substrate. However, the major component is due to the conduction to the substrate from the sensor. If the above approximations are valid and if the bulk temperature of the blade is equal to the air temperature, which will normallyy be the case, then the temperature difference AT is proportional to Ep and so the data may be presented in the form 3 TW a ( Eo2 )
This form also reduces the effects of the small differences in sensor area, sensor and lead resistance, etc., upon the calibrations of the various sensors so that the output from different sensors can be compared. It allows us to attach significance to the relative magnitude of the hot-film output signals. Of course, the units associated with the quantity r w are arbitrary. In practice, the effects of changes in air density should also be considered but this is usually unnecessary. The quantity (E 2 -E02) is of the same order as Eq2 . Thus, the accuracy of the measurement of ti , is very dependant upon an accurate knowledge of the zero-flow voltage at the temperature of the air encountered during the rig tests. It is possible to obtain this value by setting the overheat temperature AT of each gauge so that it is equal to that when Ep is measured under, say, cooler ambient conditions (Schroder, 1991) . This can be time-consuming. In the experiments described below, a different procedure was adopted. The anemometer circuits were operated at constant resistance. The required E0-temperature characteristics of each sensor were obtained in an oven. Operation at constant resistance does mean that the overheat temperature AT varies as the air temperature changes. This affects the quality of the data obtained if the overheat temperature becomes too small. In obtaining the results described here, the sensor temperatures were approximately 230-275 °C. The air temperature varied between 96 and 98 °C but ranged from 66 to 109 'C for all of the test points.
Signal Processing and Data Acquisition tion
The upper frequency limit of the sensors, as indicated by 'squarewave tests, was of the order of 20 kHz to 30 kHz. The upper frequency limit is such that only the lowest frequencies of the spectra associated with turbulent flow were detected. It will be seen below that the frequency response was found to be adequate for the purposes of the present investigation. The blade passing frequency was of the order of 3 kHz.
Each anemometer output signal was recorded at a logging frequency of 100 kHz using a computer controlled 12 bit transientcapture system. Nine channels of data could be logged simultaneously. Therefore, the eighteen signals were digitized in two batches of nine. During each experiment, the output signal from each hot film anemometer was acquired as a DC-coupled signal and then as an amplified, AC-coupled signal (1 Hz cut-off). An anti-aliasing filter was also used. Each anemometer output signal was re-composed by adding the mean value determined from the DC-coupled data to the AC-coupled data.
In every case, the acquisition of data was triggered using a onceper-revolution signal.
Data Presentation
Raw data traces from each gauge are very useful in determining the instantaneous state of the boundary layer. The raw data is presented in the form given by equation (3). When following the development of individual events through successive raw data signals, it should be recalled that data obtained using the sensors located between the leading edge and 0.48 s* were obtained at a different time to data from the remainder of the sensors.
The use of phase-locked averaging to process data which has been obtained in rotating machinery is a well-established technique. All the measured voltages were converted according to equation (3) where t is measured from a once-per-cycle datum point for a periodic process. The time-mean of tw(t,n) is denoted by i. The ensemble-root-mean-square is defined as
It represents the amount of deviation, positive or negative, from the average value of the signal at that phase.
The ensemble-skew is defined as
It is a characteristic of surface-mounted hot-film output signals that high positive skew is found in flows with low intermittency where turbulent "spikes" interrupt the lower laminar signal. Conversely, negative values of skew are expected toward the end of transition. The skew is almost zero at about 50 percent intermittency. However, the positive skew early in transition is usually more obvious than the later negative skew in investigations of this type. For presentation of the unsteady measurements, the time t is nondimensionalized with respect to the wake passing period T. The surface distance co-ordinate s has been measured from the geometric leading edge. It is usually expressed as a fraction of the maximum surface distance smax.
RESULTS & DISCUSSION
The data obtained at an intermediate Reynolds number of 1.3x10 5 will be examined in detail in the following paragraphs. At an incidence angle of -5', the blade is operating close to its design point at this condition.
Mach Number Distribution -Re=1.3x105
The array of hot-film sensors was located at approximately 60 percent of span. The predicted Mach number distribution corresponding to this location is presented in fig. 4 . It shows that the maximum velocity on the suction surface is located near 0.52 s* and that there is approximately a 10 percent reduction in velocity over the rear half of the suction surface. Predictions of the boundary layer development indicate that should laminar separation occur, the separation point would be located at 0.62 s* on the suction surface.
Raw and Ensemble-Mean Hot-Film Data -Re=1.3x105
Fig. 6 presents a selection of the raw hot-film data traces. The most important aspect of these data is provided by the trace at 0.75 s*. The form of this trace is typical of those observed in an intermittently separated flow. The base-line of the signal is almost equal to zero which indicates a very low level of shear stress. The positive value of the wall shear stress during these intervals of apparent separation probably arises because the quantitative value of the data is limited by the approximations implied when using equation (2) to process the data. Upstream, at 0.64 s*, the minimum level of the signal is greater than at 0.75 s*, suggesting that separation occurs between 0.64 s* and 0.75 s*. Steady flow predictions indicate that separation might occur at 0.62 s*. This discrepancy is not unreasonable. It is unfortunate that one of the few gauges to fail was located between 0.64 s* and 0.75 s*.
In the signal at 0.75 s*, the intervals of laminar separated flow are punctuated by upward spikes and longer duration events of an intermediate height. Gostelow et al (1992) provide a correlation for the rate of production of turbulent spots when bypass transition occurs in attached decelerating flows. This correlation indicates that if transition occurred at, say, the predicted separation point (0.62 s*), of the order of 20 spots would be produced during one wake-passing cycle over the width of the hot-film sensors (i.e., per millimetre of span). The correlation is not valid for separated flows but the value may be taken as an indication of the level of spot production that might be expected in the vicinity of the separation zone.
The raw traces of fig. 6 suggest that individual spots or, at least, small collections of coalesced spots may have been detected by the sensor at 0.75 s*. The spots are believed to be represented by the spikes of relatively high shear stress. This conclusion is supported by the observation that the spikes tend to occur just after a period when the level of the shear stress indicates that separation has occurred, though not exclusively so. Transition is more likely to occur in a separated flow. Hodson (1983) used similar gauges to study transition in steady-flow cascades where the length-scales and timescales were similar to those found in the present experiment. Spikes of a similar duration were observed underneath laminar separation bubbles during laminar-turbulent transition.
The longer duration events noted above tend to appear at preferred parts of the wake-passing cycle. However, they do not appear every wake-passing cycle. Indeed, a comparison of the ensemble-mean traces of fig. 7 with the raw data of fig. 6 shows that there are considerable differences between the passing of individual wakes. The longer duration events are thought to be associated with wakeinduced transition. At 0.75 s*, fig. 6 shows that these have a No of wake passing periods, t time-scale which is typically of the order of 0.5-1.0 t*. At the mean convection speed of a turbulent spot, this corresponds to a lengthscale of the order of 0.5-1.0 s*. Thus, the longer duration events must originate upstream of the region of separated flow. In fact, their origin can be seen to be considerably upstream of 0.75 s*. It will be argued below that wake-induced transition begins near 0.42 s*. Indeed, fig. 6 contains evidence to support this view. At this position, the Reynolds number (Reg) based on the momentum thickness of the laminar boundary layer is predicted to be approximately 130. This is not untypical (Hodson et al (1992) ) of the values encountered at the start of wake-induced transition. At this location, the correlation of Narasimha (1985) , which is strictly valid only for bypass transition in steady zero pressure gradient flows, would suggest that approximately one turbulent spot should be produced during one wake-passing cycle over the width of the hotfilm sensors (i.e., per millimetre of span). Therefore, it is unlikely that many individual spots would be detected. This will be discussed further below.
Downstream of 0.75 s*, fig. 6 reveals that the spikes which first appeared in the trace at 0.75 s* have increased in duration. Also, apparently new, shorter duration spikes appear for the first time.
Since data were only obtained at one spanwise location, it is impossible to determine if the shorter duration spikes have formed between adjacent measurement locations or if they are associated with the spanwise spreading of spots which originated upstream at a different spanwise location. Whatever the case, it is clear from fig. 6 that the rate of transition is such that laminar flow persists as far as 0.96 s*.
Supporting evidence that the flow remains intermittent at the trailing edge is provided by the ensemble-mean traces which are presented in fig. 7 . These show that there is considerable variation in the height of the ensemble-mean traces. This is unlikely to be the case if the flow were fully turbulent because a turbulent boundary layer is much less affected by the presence of the wakes or the effects of its history than an intermittent boundary layer (Addison and Hodson (1990) Even though laminar flow exists at 0.96 s*, this should not be regarded as indicating that time-mean re-attachment has not occurred. At the trailing edge, the minimum level of shear stress is usually approached in the raw traces only when the period between elevated levels of shear stress is greater than the wake-passing interval. This indicates that although the flow may be laminar at times, it is usually attached when in that state. In addition, fig. 7 indicates that the minimum ensemble-mean value is greater than that indicated in the raw traces at 0.96 s*. If the above description of the flow is correct, then it would seem that the wakes play a part in the re-attachment of the separated flow.
Bladerow Interactions -Re=1.3x10 5 The above discussion has suggested that transition to turbulent flow occurs as a result of the wake-passing and as a result of laminar separation. As explained in the introduction, this was expected since the value of 7 is much less than unity in most LP turbines. Binder et al (1988) , Arndt (1991) and Schroder (1991) have also demonstrated that separation bubbles can exist on the suction surfaces of LP turbine blades. In addition, they found that the behaviour of these bubbles was affected by the presence of upstream wakes and that rotor-rotor interactions may be as significant as rotor-stator and stator-rotor interactions. Rotor-rotor interactions were detected due to the occurrence of beating in the anemometer output signals.
In the present experiment, the frequency of the beats is determined by the difference in the number of rotor blades in the preceding two rotor bladerows. The blade numbers and resulting frequencies of beating are listed in Table 1 . For stator blades of the 3r stage, the beating frequency of the inlet flow is one third of the passing frequency of the rotor blades immediately upstream. The ensemblemean traces of Fig. 7 contain no evidence of rotor-rotor interactions. Frequency spectra also confirm that there are no significant rotor-rotor interactions.
In the present turbine, the wakes are likely to be weaker than in the LP turbines reported by Binder et al (1988) , Arndt (1991) Schroder (1991) . This is mainly because the level of suction surface deceleration is much lower in the present turbine. The Reynolds numbers are also greater. These differences suggest that the observation of beats by these authors may be associated with the periodic separation, without re-attachment, of the laminar boundary layers on the downstream of the two interacting rotors. The separation would be prevented when the wakes from the upstream rotor are in a favourable position with respect to the downstream rotor. However, as Schroder (1991) After the experiments had been performed, it became apparent that an insufficient number of ensembles (200) had been obtained, particularly with regard to the accurate determination of the higher statistical moments. Therefore, it was decided to average the data from ten successive wake-passing cycles, before presentation of the remaining data. Since only rotor-stator interactions appear to be significant in the anemometer output signals obtained in the present turbine, very little information has been lost during this process. Fig. 8 presents a distance-time diagram of the 'averaged ensemblemean shear stress. Three wake-passing intervals are shown. The contours denote the ratio of the ensemble-mean <r w (s,t)> to its maximum value at the same location. This form of presentation emphasises the periodic fluctuations at the expense of providing data on the changes in the mean level. Over much of the blade surface, there are large periodic variations in the ensemble-mean shear stress. This usually indicates the presence of wake-induced transition. Fig. 9 presents the ensemble-skew for the same case. Fig.   Fig. 9 Distance time-diagram of 'average' ensembleskew, Re = 1.3x105 .
10 shows the ensemble-rms, also expressed as a fraction of its maximum value at the same location. Trajectories corresponding to the free-stream velocity and one half of the free-stream velocity are shown in each of the figures. The wake is expected to convect at approximately the free-stream velocity. The rear portions of turbulent spots are expected to travel at about one half of the free-stream velocity.
Like fig. 8 , fig. 9 contains evidence of periodic, wake-induced transition. Ridges of positive ensemble-skew run almost parallel to the trajectory which corresponds to the free-stream velocity (U") as indicated by the broken line. It would seem that these ridges begin at the first measurement location but this is thought to indicate no more than the effect of the turbulence on the laminar boundary layer. However, near 0.4 s*, the leading edge and the trailing edge of these ridges diverge as the ridges begin to rise significantly. The slowing of the trailing edge is consistent with the onset of transition under the wake. This rise in the value of the ensemble-skew, particularly near the leading edge of the wake-affected region, and the appearance of relatively high values of the ensemble-rms ( fig. 10) , also indicate the start of transition. Thus, the data suggest that wake-induced transition begins near 0.4 s*. Indeed, examination of the raw data presented in fig. 6 reveals some evidence of turbulent events downstream of this location.
If the wakes were to initiate the formation of turbulent spots, then the trailing edge of the wake-affected transition region would propagate at a rate of about one half of the freestream velocity (i.e., at the speed of the trailing edge of a turbulent spot) rather than the freestream velocity (the speed of the trailing edge of the wake). In fig.  9 , it can be seen that the rate of propagation of the rear of the wakeaffected transitional flow is approximately equal to this value except, perhaps, downstream of peak suction (0.52 s*). However, it also appears that the leading edge of the wake-affected flow moves faster than the wake. Again this is more pronounced downstream of peak suction. Doorly and Oldfield (1985) and Addison and Hodson (1990) , in very different turbines, have also observed similar features in distance-time diagrams.
An explanation of the shape of the outline of the ridges of positive ensemble-skew is provided by Addison and Hodson (1990) . In the general case of a narrow wake, the first spots are most likely to occur near to the centre-line of the wake where the turbulence is greatest. However, there is an undisturbed (i.e., laminar) boundary layer downstream which, as it develops, becomes capable of undergoing transition at the lower levels of free-stream turbulence which are to be found away from the centre-line of the wakes. Therefore, further spots can form downstream of the origin of those formed nearer the front of the blade. Since the data is ensemble-averaged, the loci of the leading edges in fig. 9 will tend to indicate the leading boundary of spot formation and not those of individual spots. Even so, the present data seem to indicate that the majority of spot production takes place near the centre-line of the wake and that the spots which develop ahead of the wake are unlikely to be significant in the development of the boundary layer. A closer examination of the ridges of positive ensemble-skew which have been noted in fig. 9 reveals that the ridges resemble a rising escarpment with the steep side occurring first in time. This is to be expected during wake-induced transition. Toward the rear of the wake-affected transitional flow, the boundary layer is generally more turbulent (see Hodson et al (1992) ). If it were turbulent, negative ensemble-skew would be expected in the current environment. In this case, the ensemble-skew remains positive toward the rear of the zone. This suggests that the wake-affected flow is transitional rather than turbulent.
Wake induced transition would seem to begin near 0.4 s*. If steady flow bypass transition commenced at the same position, the correlation of Narasimha (1985) suggests that the intermittency would be approximately 50 percent just before separation. The maximum intermittency in the wake-affected flow should be close to this value (Hodson et al (1992) ) if the correlation is valid. In fact, the flow is accelerating at 0.4 s*. This would give rise to a lower rate of spot formation and a lower maximum value of intermittency. Nevertheless, the correlation and the data seem to suggest that the wake-affected flow is transitional as it approaches the separation zone.
When the wake-induced transitional flow reaches the neighbourhood of the separation zone (i.e., 0.75 s*), it appears to occupy approximately 40 percent of the wake-passing interval. The simple analysis (equation (1)) which is based on fig. 1 would suggest that the wake-affected zone should occupy approximately 25 percent of the wake-passing period. This difference may be explained by reference to the arguments presented above regarding the apparent propagation rates of the leading and trailing edges of the wakeinduced transitional flow.
The ridges of ensemble-skew which have been described in detail reach a maximum value near 0.75 s*. At this location they intersect another ridge of positive ensemble-skew. The position of this ridge is shown by the broken vertical line. The ridge appears to be stationary but its height varies with a period equal to the wake passing interval. The presence of this ridge indicates the formation of turbulent flow within the separated laminar flow region. It is significant that the ridge of positive ensemble-skew which denotes transition within the separated flow persists for the entire wake passing cycle. This is because it suggests that separated flow persists even within that part of the flow which, on average, is affected by the wake-induced transition. Turbulent flow will not separate from this blade. This supports the hypothesis that the part of the flow that, on average, is affected by the wake-induced transition must be intermittently laminar as it approaches the separation zone near 0.75 s*.
In practice, it would seem most appropriate to visualize the transition process on this blade as proceeding by way of one of two mechanisms. Either, the passing of a given wake creates a turbulent spot or series of spots at or near the spanwise location in question or it does not. If it does not, the persisting laminar flow probably separates and undergoes transition as a result. The probability that the flow is not turbulent as it approaches the separation zone depends on the level of intermittency associated with the wake induced transition. The ensemble-skew associated with transition in the separated flow is lowest toward the rear of the region of influence of the wake where the intermittency is highest. The regions of relatively low ensembleskew downstream of 0.9 s* arise for the same reason. They indicate that the most turbulent flow is to be found downstream of the separation zone within the flow which is affected by the wake.
To predict the intermittency of the type of flow described above, one must define the shape of the so-called 'dependence volume' and the spot formation rate within that volume. As noted by Narasimha (1985) , the approach required for unsteady flow is essentially the same as it is for steady flow. As yet, the definition does not exist for unsteady flow. It is not sufficient to assume that the two forms of transition are distinct.
The outline of the wake-induced transition zone, as deduced from the distance-time diagram of the ensemble-skew, is also shown in the distance-time diagram of the ensemble-mean ( fig. 8 ) and the ensemble-rms ( fig. 10 ). At any given surface distance between 0.5 and 0.75 s*, the highest values of ensemble-mean shear stress occur after the highest values of ensemble-skew have been reached. The highest values of the ensemble-rms also occur after the highest values of ensemble-skew have been reached. These observations are to be expected if transition proceeds by way of the formation of turbulent spots. The highest values of the ensemble-mean and ensemble-rms lie between the lines identifying the free-stream velocity and one half of that rate. This is to be expected if wake-induced transition begins near the centre-line of the wake as noted above. Upstream of 0.5 s*, fig. 8 shows that the phase of the ensemble-mean shear-stress varies more rapidly than would be expected from a simple convective argument. The reasons for this are not properly understood but they are believed to be associated with the nature of the wake-distortion which generally takes place over the leading part of an aerofoil. Similar changes also take place in the phase of the ensemble-rms upstream of 0.5 s* ( fig.   10 ).
Between 0.65 s* and 0.75 s*, fig. 8, fig. 9 and fig. 10 reveal that the phase of the ensemble-mean shear stress, the ensemble-skew and the ensemble-rms advances relative to that of the free-stream. This change of phase occurs as the wake enters the region of laminar separation. It is believed that this phase change is associated with the production of turbulent flow. If this is so, then it may be argued that the change in relative phase may simply arise because, as the flow approaches separation or separates, it becomes more receptive to freestream disturbances. Therefore, it becomes susceptible to influences of a lower intensity which he further downstream of the centre-line of the wake than those which are responsible for transition upstream. This change of phase may be similar to the much larger change in phase (typ. 180') which is visible in the results presented by Schroder (1991) . Similar, unpublished observations have been made by the author in cascade tests where LP turbine blades were subjected to incoming wakes. However, both of the above mentioned investigations were carried out at a lower Reynolds number using higher-lift blades. Consequently, the phase shift observed in these investigations is more likely to be associated with the appearance of the more dominant transition in the separated shear layer in between the wake-passing events.
One interesting feature of fig. 8 , fig. 9 and fig. 10 remains to be described. This is the existence of regions of the flow which appear to be less susceptible to transition. They are identified by the relatively low levels of ensemble-mean, ensemble-rms and ensemble-skew which he just downstream of the wake-induced transition zones. Their presence is also suggested by the traces in fig. 6 and fig. 7 . The reasons for these 'quiet zones' of laminar flow are not understood. It is possible that they are associated with the negative-jet effect of the wakes (see Hodson (1985) ) which would lead to an acceleration of the flow toward the downstream side of the wake. This may encourage the boundary layer to remain attached and, therefore, laminar.
The above observation may be compared with that of Dong and Cumpsty. They reported 'be-calmed' regions toward the rear of the wake-induced suction-side transitional flow in their compressor cascade experiments. On the suction surface of a compressor blade, the acceleration takes place toward the upstream side of the wake. Thus, while the wakes seem to promote transition during some parts of the wake-passing cycle, it is also possible that they discourage transition during others. This aspect of the flow clearly requires further investigation before the overall impact of the wakes may be fully understood. Off-design Conditions -Re=0.9 & 1.8 x10 5 Fig. 11 presents a selection of the raw data traces which were obtained at a Reynolds number of 0.9x 10 5 . The Reynolds number was varied by altering the inlet pressure to the turbine while maintaining the same pressure ratio, inlet temperature and rotational speed. Thus, these data can be compared directly with those presented in fig. 6 .
At the lowest Reynolds number, the traces at 0.75 s* and beyond indicate that there are very few turbulent events. Consequently, the most common state of the boundary layer appears to be that of separated laminar flow. Unfortunately, the instrumentation associated with the gauge at 0.96 s* temporarily malfunctioned during the acquisition of this data so that the DC-coupled values were unavailable. However, the character of the data at 0.96 s* was very similar to that at 0.91 s*. This indicates that re-attachment of the flow was unlikely. In all other respects, the nature of the flow at the lowest Reynolds number was found to be similar to that described above for the Reynolds number of 1.3x 105 . In particular, transition began as a result of wake-boundary layer interactions and separation of the laminar flow. The most turbulent flow was found to be associated with the passing of the wakes.
The raw data plotted in fig. 12 were obtained at a Reynolds number of 1.8x105 . This figure may be compared with fig. 6 and fig. 11 . Again, the flow has the character associated with separated flow at 0.75 s*. As expected, the flow appears to be much more intermittent at the highest Reynolds number. Many more turbulent spikes appear to have formed within the separation zone. More may also be seen upstream of this region. The location of some of the turbulent spikes coincides with wake-passing while others do not. In addition, the number of spikes present in the trace at 0.96 s* is much greater than the number of wake-passing events. Again, it would seem that two modes of transition are present. Even so, periods of low shear stress persist up to the trailing edge though the laminar flow with which they are associated is unlikely to be separated at this location.
CONCLUSIONS
The development of the boundary layer on the suction surface of an embedded LP turbine stator blade has been investigated using surface mounted hot-film anemometers. The tests have confirmed the effectiveness of the methods used to design the LP turbine aerofoils in so far as attached flow is obtained at the trailing edge of the suction surface at the design condition.
The results suggest that boundary layer transition takes place in two ways. Over the range of Reynolds number investigated, the wakes of the upstream rotor cause the onset of periodic transition near 40 percent of surface distance. When viewed on an ensemble-averaged basis, the interaction results in a zone of flow which grows in streamwise extent as it moves downstream. The zone contains intermittently laminar and turbulent flow. If the flow is laminar within this zone when it encounters the adverse pressure gradient over the rear of the surface, then the data suggest that the flow will separate. In between these zones of transitional flow, the flow which is unaffected by the wakes is also laminar and separates near the same location. The separation of the flow also leads to transition. Even though two modes of transition are possible, the resulting time-mean boundary layer remains transitional up to the trailing edge at all of the Reynolds numbers investigated. Transition occurs as a result of laminar separation both inside and outside the wake-affected transitional flow. Thus, the use of steadyflow predictions methods might be sufficient to enable the production of acceptable aerofoils for use in LP turbines. However, there is evidence to suggest that the process of transition in the separated flow region is influenced by the presence of the wakes. Consequently, a design produced by the application of steady flow methods may not represent the optimum that can be achieved and improved prediction methods may be required
